Rock wool board (RWB) is widely used in construction of exterior insulation worldwide. Fiber diameter, solid volume fraction (SVF), and contact degree among the fibers significantly influence the RWB physical properties. Herein, the effects of these factors on the mechanical properties of RWB were investigated using the GeoDict software. First, the fiberization process resulted in a finer fiber diameter, and the SVF of RWB increased with decreasing pore sizes. In addition, both the fiber diameter and SVF significantly influenced the RWB shear strength. Furthermore, in compliance with the Chinese standards of compression, tensile, and shear strength, the SVF of RWB with a 10.5 μm fiber diameter did not exceed 4.72%, 4.04%, and 5.4%, respectively. e novel method proposed herein can be used for optimizing the RWB manufacturing process.
Introduction
As an insulating material, rock wool board (RWB) is widely used for exterior insulation. Over the past few decades, the thermal conductivity and mechanical and physical performance requirements of this material have been significantly improved. However, detailed research of the mechanical properties of fiber products with complex mesostructures faces great challenges, as the traditional macroscopic test cannot accurately predict deformation behavior of fiber products or recommend optimized mesoscopic structural parameters (such as fiber density, length, diameter, and contact point) [1] .
RWB is composed of different-sized fibers that are connected by simple overlap. e connection between fibers and the influence of resin on the strength and rigidity of RWB are significant [2] . Bond failure between fibers and frictional sliding also greatly influence deformation and damage of RWB, which have been experimentally observed by Liu et al. and Wilbrink et al. [3, 4] . RWB deteriorates over time, and the bond point between the RWB and exterior plastering layer was invalid, causing the covering layer to peel off. Because of the large negative wind pressure [5, 6] , insulation of the external building walls ( Figure 1) can fall off or even damage external insulation systems. erefore, different requirements are imposed on the mechanical properties of RWB depending on its desired use.
For practical applications, RWB requires different strengths to resist environment forces and its own action. In the field of composite insulation boards for external walls, the shear and tensile stresses of intermediate layers of RWB were relatively large due to external environment, which significantly influenced the strength characteristics of RWB under mutually perpendicular shear loads [7] . e compressive strength and other mechanical properties of mineral wool products depended on the distribution of fibers in the structure, as well as the direction of load action and product density [8] . When the fiber product is subjected to a load and the local strain is not uniform, local damage can occur [9] . However, few studies have been reported on its mechanical properties. Some studies have used numerical simulation to examine the relationship between the RWB mesostructure and macroscopic performance. e research and design of composite mesostructure plays a key role in material design [10] [11] [12] .
To study the correlation between the mesostructure and mechanical properties of RWB, the mechanical properties of different mesostructured RWBs can be calculated by numerical simulation [13] . X-ray tomography (CT) [14] [15] [16] has been used to obtain scanned images of fiber products, which are subsequently imported into GeoDict software to determine the real structure of fiber products, calculate macroscopic deformation ability [17, 18] , and predict the mechanical properties [19] of the fiber products. Equipped with an improved algorithm [20, 21] to establish a 3D fiber structure model of continuous long fibers and short fibers, the relationship between fiber length, diameter, density, and orientation was studied. e compression, tensile, and shear strength of RWB were also tested using a WDW3030 microcontrol electronic universal testing machine (UTM; Kexin Testing Instrument Co. Ltd., WDW3030, Changchun, China). Combined with the software approach, the compressive, tensile, and shear strengths of RWB with different fiber diameters, solid volume ratios, and degrees of contact were calculated. Fiber diameter was 3-10.5 μm, and the solid volume ratio was 3.70-6.08%. e formula for optimizing the strength index of RWB was also determined. is research lays the foundation for optimization of RWB structural design and optimization of industrial manufacturing.
Materials and Methods

Materials.
e RWB was an inorganic fiber glass product [22] based on natural rocks (such as basalt) as the main raw material, containing a certain amount of admixtures. A series of processes, including melting at high temperature [23, 24] (Figure 2(a) ), four-roll high-speed centrifuge spinning [25, 26] (Figure 2(b) ), fiberization processing [23] , postprocessing, and other processes were performed, and the chemical composition is listed in Table 1 .
Elemental Analysis.
e main constituent elements of the fiber were Si, Al, Ca, and Mg, which account for approximately 82.08% of the total content. In addition, a small amount of Na, P, K, Ti, Mn, and Fe were detected. Since Si 4+ and Al 3+ were the main components of the network forming the fibers, which together constituted the skeleton, high content of oxides such as SiO 2 and Al 2 O 3 contributed to improved fiber stability [22] . In addition, oxides such as MgO and CaO acted as network-modified ions, and the filled fiber structure and network forming ions constitute the vitreous structure.
Computational Methods
Experiment
(1) Elastic Modulus. A YG005E electronic single fiber strength machine (Fangyuan Instrument Co., Ltd., YG005E, Wenzhou, China) was used to measure the tensile strength of the single fibers. e single fiber strength machine had a range of 50 cN and a graduation value of 0.01 cN. e upper and lower jaws of the machine were set at a distance of 50 mm, and the tensile speed was 5.0 mm/min. e mean tensile strength of the fibers was measured, as shown in Table 2 , and the elastic modulus of a single fiber was 61.4 GPa:
where σ is to the tensile strength of the monofilament, MPa; F is the monofilament breakage force, cN; and D is the mean diameter, μm. (2) Mechanical Properties. Considering China's requirements for strength, the RWB specimens were prepared. e specimens had dimensions of 100 mm × 100 mm × 30 mm and 200 mm × 100 mm × 30 mm, and the SVF values were 3.70%, 4.04%, 4.38%, 4.72%, 5.06%, 5.4%, 5.74%, and 6.08%, respectively. e samples were dried to constant weight in a 101-1-type hot constant temperature blast drying at approximately 105°C and then removed and placed in an environment of (23 ± 5)°C for 6 h. Afterwards, each strength value reported was the average of three samples. Strength was examined using a WDW3030 microcontrol electronic UTM (Kexin Testing Instrument Co., Ltd., Changchun, China).
To measure the compressive strength, the RWB was mounted on a press and a prepressure of 250 Pa was applied with a constant speed of 0.1 d/min (±25% or less) until the sample yielded or compressed to 10% deformation to obtain compressive strength. e tensile strength was measured with the sample pasted on two rigid plates with marble glue and curing agent. e sample was subsequently mounted on the test machine fixture and loaded at a constant speed of (10 ± 1) mm/min until it was destroyed to obtain its tensile strength.
To measure the shear strength, the sample was bonded to the fixture with marble glue and curing agent, and the fixture was fixed on the UTM and loaded with a speed of (3 ± 0.5) mm/min along the length parallel to the sample. e rigid support plate transmitted shear stress to the sample, allowing the sample to be sheared until it was broken to obtain the shear strength.
Because of the complexity of the fiber products, it was not possible to quantitatively analyze the influence of fiber diameter on mechanical properties in laboratory tests. erefore, two RWBs ( Figure 3 ) with different diameter distributions with SVF of 4.72% were selected for qualitative analysis to study the influence of fiber diameter on the mechanical properties of RWB.
Numerical Simulation
(1) CT Scanning. e studied RWB was a cube with a side length of 2 mm. e sample was scanned using a nanotom m CT (phoenix nanotom m CT, Zeiss, Germany) with a 180 kV/15 W high-power nanofocus X-ray tube and detail detectability to 200 nm. CT images were photographed, and the SVF was 4.72%. e regular fiber distribution was similar in three directions (part 2 in the Supplementary Material).
(2) Simulation Method. e diameter of RWB was extracted by the FiberGuess module and was in accordance with a Gaussian distribution, with a mean diameter of 10.5 μm. e original model was established by Import Module in the software. To simplify calculation, the FiberGeo module was used based on the original model to input the main parameters (SVF, fiber length, diameter, cross-sectional shape, and fiber overlapping method) that can directly represent the geometric characteristics of the material to establish a simplified RWB model. Finally, the ElastoDict module was used to calculate the mechanical properties of RWB with different mesostructures (Figure 4 ).
2.3.
eory. GeoDict software was used to analyze the mechanical properties of RWB due to its complex force characteristics. An appropriate size of representative volume element (RVE) [27, 28] was selected to represent the actual behavior of the mesostructure, constructed using experimental data of fiber length, diameter, and orientation. After the mechanical model was established, the basic solution equation was obtained. e equivalent elastic modulus was obtained by using the Green periodic condition and mathematical transformation.
Application of the L-S equation based on the FFT method can accurately calculate the local stress and strain in a fiber network. erefore, the numerical simulations used the L-S equation based on periodic Green's function of FFT to calculate the mechanical index of the RWB model as follows:
where ε(x) refers to the strain of the model on Ω, in which Ω is the unit body that is the boundary condition; E is the 
C 0 describes the initial stiffness, and C(x) is the local stiffness.
Results and Discussion
3.1. Model Verification and Analysis. Figure 5 (a) shows a cross section of the original model wherein the circular section is a slag ball and the point or line section is the fiber. Figure 5(b) is the original model with a dimension of 2 mm × 2 mm × 2 mm. Figure 5(c) shows the simplified ideal model. To more clearly show the simplified fiber, the model size shown in Figure 5 (c) is 0.3 mm × 0.3 mm × 0.3 mm. From Figure 5 (b), it is clear that the fibers in RWB were evenly distributed and overlapped or forked. e ideal model in Figure 5 (c) ignored the influence of the slag ball and equated it into the fiber. It was assumed that the fibers were randomly distributed (part 3 in Supplementary Material) and overlapped. Figure 6 shows the measured compressive strength values of the RWBs and numerical simulation results for different SVFs. e relative error between the numerical and measured values was large for the fibers with mean diameters of 5.9 and 12 μm. As the SVF changed in the 10.5 μm fiber diameter system, the measured value trend was consistent with simulation. erefore, rationality of the calculation based on the L-S equation was verified. However, for the numerical simulation, assumptions regarding the slag ball and resin binder in RWB were made, and the influence of fiber curling was ignored, resulting in lower compression strength in the numerical simulation. e mechanical properties of RWB are mainly affected by geometric parameters including fiber orientation [29] , length [30] , SVF, diameter [31] , and contact degree among the fibers. Based on the change of geometric parameters of RWB, the influences of SVF, fiber diameter, and contact degree on mechanical properties were studied.
Compressive Strength of RWB.
Constructing a eoretical Model.
e diameter distribution probability of two RWBs is shown in Figure 7 . and that of RWB II was 5.9 μm. Figures 7(a) and 7(b) reflect the distribution characteristics of the fibers with different diameters. With increasing fiber diameter, the number of fibers continuously reduced in the RWB. e pore size between fibers increased, and the contact degree among the fibers was reduced weakening the bonds between fibers, which can affect the mechanical properties of RWB. Figures 7(a)-7(d) show that fiber diameter decreased with increasing speed of roll rotating during the fiberization process, resulting in higher SVF of the RWB and smaller pore size among fibers.
Analysis of the Influence of Fiber Diameter.
It should be ensured that the model can retain the main information of real RWB at 4.72% of SVF. Figure 8(a) shows that the RWB strengths decreased with increasing fiber diameter. When the fiber diameter ranged from 5 to 7 μm, the mechanical properties of RWB decreased remarkably. Compression, tensile, and shear strengths decreased by 45.4%, 67.6%, and 81.77%, respectively, with increasing fiber diameter from 3 to 10.5 μm. It is clear that the diameter change significantly influenced the shear strength of RWB. Figure 9 shows that the number of fibers along with the pore size among fibers increased with increasing fiber diameter. Simultaneously, the contact surface among fibers was reduced weakening the bonds between fibers (Figure 8(b) ), which is the underlying mechanism of the RWB strength decrease. In addition, the shear strength of RWB was closely related to friction area among the fibers. As the fiber diameter increased, the contact degree among fibers decreased, resulting in a lower coefficient of friction coefficient among the fibers. When the RWB was subjected to shearing, structural damage was invalidated and the strength was gradually reduced to complete failure, which was mainly due to frictional slip due to the weakened bonds between fibers [32] [33] [34] [35] . erefore, the lower shear strength was observed with increased fiber diameters. ese experiments also showed a negative correlation between the fiber diameter and RWB strength, as shown in Table 3 . When the fiber diameter decreased by 4.6 μm, the compressive strength of RWB increased by 15.64 kPa because the pore size decreased with smaller fiber diameters. In addition, the overlap among the fibers increased, thereby increasing the bond strength among fibers. erefore, the feasibility of the simulation based on the L-S equation was verified.
Analysis of the SVF Influence.
e diameter distribution in the simulation was set to a Gaussian distribution similar to the real RWB, with a mean diameter of 10.5 μm. Figure 10(a) shows that the RWB strengths increased with increasing SVF [36] . e mechanical properties of RWB were greatly improved from 4.04% to 4.72% SVF. e compression, tensile, and shear strengths increased by 37.5%, 156.4%, and 218.6%, respectively, with increasing the SVF from 3.70% to 6.08%. It is clear that the variation of SVF significantly influenced the shear strength of RWB. Advances in Materials Science and Engineering Figure 11 shows that the number of fibers increased and the pore size decreased with increasing SVF. Simultaneously, the contact surface increased (Figure 10(b) ), indicating increased RWB strengths due to the enhanced bonds among fibers. Similarly, the RWB shear strength was closely related to the friction surface. RWB strength was primarily Advances in Materials Science and Engineering controlled by its density and bond strength among fibers.
Higher SVF values resulted in increased bond strength among the fibers [37] . For the sheared RWB, the frictional sliding among the fibers is smaller. e shear strength of RWB increased relatively faster than the compression and tensile strengths. e friction area in Figure 11 (c) is larger than that in Figure 11(a) , and the RWB exhibited a maximal shear strength value at 6.08% SVF. Figure 12 shows the relationship between the experimentally measured RWB strengths and SVF. e compressive, tensile, and shear strengths of RWB were positively correlated with SVF. When the SVF of RWB was 3.70-6.08%, the compressive strength range was 46.57-67.80 kPa; tensile strength range was 9.68-21.06 kPa; and shear strength range was 13.6-34.5 kPa. e mechanical indices increased with increasing SVF of the RWB. , it is clear that the compression, tensile, and shear strengths of RWB increased from the lower left to upper right. As shown in Figure 13(a) , when the fiber diameter was 10.5 μm and SVF was 3.70%, the compressive strength of RWB was at least 34.69 kPa. When the fiber diameter was 3 μm and SVF was 6.08%, and the maximum compressive strength was achieved at 84.14 kPa. SVF should be ≤4.72% when the fiber diameter of the RWB model was 10.5 μm, meeting the Chinese standard of 40 kPa for compressive strength when using RWB for thermal insulation [38] .
As shown in Figure 13 (b), when the fiber diameter was 10.5 μm and SVF was 3.70%, the tensile strength of RWB was 5.73 kPa. When the fiber diameter was 3 μm and SVF was 6.08%, the tensile strength of RWB reached as high as 33.36 kPa. SVF should be ≤4.04% when the fiber diameter of the RWB model is 10.5 μm, exceeding the Chinese standard of 7.5 kPa.
Finally, as demonstrated in Figure 13 (c), when the fiber diameter was 10.5 μm and SVF was 3.70%, the shear strength of RWB was at least 5.59 kPa. When the fiber diameter was 3 μm and SVF was 6.08%, the shear strength of RWB reached as high as 75.24 kPa. Because the Chinese standard is 20 kPa, the SVF should be ≤5.4% in the 10.5 μm fiber diameter RWB.
In summary, fiber diameter can be controlled by the rotation speed of the four-roll high-speed centrifuge and melt viscosity during rock wool processing. According to different layer thickness and pleating degree, the SVF of RWB can be controlled to obtain RWB with different strengths, and the associated models can be used to guide actual engineering production applications.
Conclusions
e RWB strengths mainly depend on its mesostructure. According to the experimental and simulation data, the associated mechanical properties were estimated based on the analysis by using the L-S equation using GeoDict software.
e main findings can be summarized as follows:
(1) A 3-D CT-scanned model was established and simplified and was based on the Lippmann-Schwinger equation to study the influence of different fiber diameters and SVF values on mechanical indices. Numerical simulations showed that differences between the compression strength and corresponding experimentally measured values were ˂5%. is verifies the accuracy of predicting the mechanical properties of RWB using this method.
(2) e SEM observations and distribution of fiber diameters indicated that as the fiber diameter in the RWB increases, the number of fibers decreases and the pore size increases. (3) When the fiber diameter was increased from 3 to 10.5 μm, the mechanical properties (compression, tensile, and shear strengths) of the RWB decreased by 45.4%, 67.6%, and 81.77%, respectively. erefore, consistent with our speculation, the fiber diameter exhibited the greatest influence on shear strength. (4) When SVF ranged from 3.70% to 6.08%, the mechanical properties (compression, tensile, and shear strengths) of RWB increased by 37.5%, 156.4%, and 218.6%, respectively. erefore, SVF showed the greatest influence on the shear strength, which is consistent with the hypothesis. (5) e mechanical features of RWB with different fiber diameters and SVF values were studied. According to the Chinese standards for compression, tensile, and shear strengths, SVF should be ≤4.72%, ≤4.04%, and ≤5.4%, respectively. With a mean fiber diameter of 10.5 μm, all mechanical performance requirements for insulation materials can be satisfied. In field applications, fiber diameter can be controlled by the rotating speed of the centrifuge and melt viscosity, whereas the SVF can be regulated by layer thickness. erefore, it is possible to design RWBs with different mechanical strengths by adjusting the SVF and fiber diameter to meet different requirements.
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